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b. Objesctives

Overzll -- Study the interraction of spatieasl and temporal
variations -n stimulus detectability.

1. Further elucidate our hypothesis that different detection
criteria amy be used in masking discriminations, and that these
produce qualitatively different threshold behavior.

2. Study the detectability of spatially and temporally varving
sinuscids, with the wultimate aim of testing the familiar
sustained and transient mechaniams hypothesis.

3. Study various quantitative measures of velccity tuning in
visual channels.

q. Set up dur image processor and evaluate some temporal
algorithms for image enhancement.
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c. Status 0of the Research
1. Introduction

This has been the first vear in which members of this

project have worked essentially full t ime . Despite some
signi‘icant time losses (&#.g. the principle investigators absence
because of illness) the results have been most encouraging. we
currently have seven papers in various stages of

publication and a variety of pilot studies and new projects
underway.

A considerable portion of the current yvear has been devoted
to practical considerations. At the beginning of the Grant year
our l1ab was moved from the engineering building to a suite of
offices adjacent to the UNH campus. Despite the time involved,
the move has proven advantageous in that our new space
is substantially more efficient than the old. A major problenm
arose in April when Digital] Equipment announced it's
intention of reposssessing the PDP 11 computer which runs our
Grinnel Visual Display. Since work on the visual display was
at the software development stage, this uncertainty about what
computer we would ultimately be using effectively halted all
further work on the display. After s3ix months of intense
negotiation, Digital Equipment finally decided to donate the
computer to our project. We are pleased to have the computer,
but the loss of six months work is unfortunate.

2. Status at the Beginning of the Reported Year

The conclusion of our previous grant left us with some, but

not all, of the directions of this work firmly established. Our
hvypothesized mechanisms f-. masking detection were worked out but
much elaboration and data collection remained. The data on

sustained and transient detection (Steve Panish's thesis) were
partly collected, and the general outlines of these results were
becoming clear. Several yvears ago Dan Swift had begun working on
the idea that if thers are separate systems for detection of torm
and motion, then it would be appropriate to abandon pure
detection tasks in faver of tasks which are clearly specific to
one particular system. For example, spatial frequeancy
discrimination would seem to be specific to the form system. He
then took some preliminary data on the effect of stimulus motion
on such tasks, shedding some tentative light on motion tuning of
pure]y spatial channels Finally we had some pilot data c¢n the
enhancement of images by subthreshold enhancers and by pizxel
flicker. Ajl of these were done in one dimension, however.

2 Status of our Research in the Current Year

283a. Brief Summary

We have substantially strengthened our hypothesis that
Webar 3 Law in spatial masking 2ccurs when the subj)ect i=s= unable
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te pradict the appearance of the mask pattern. In addition to
memorizing the mask pattern, we find that subjects can predict
the appearance ot the mask pattern under three-alternative
forced-choice conditions, evaen if the mask is changed on every
trial. This is a strong prediction of our hypothesis. Recently
we have turned our attention to other psychophysical methods,
particularly method of adjyustment. We find that a generalization

0f Birdsall‘’s Theorem <(Lasley and cCohn, 1981) provides a
plausible explanation for the common observation of Weber‘s Law
with methcd-of-adjustment. We hyvpothesize that subjects use, as

a criterion tor detection, some specific change in the stimulus
pattern <(e.g. threshold might be a 10% change in perceived mask
bar width). It is readily shown that such a criterion occurs
when mask and test bear a fixed ratio to each other; thus test
threshold will be proportional to mask modulation, which implies
Weber s Law. We find that it is possible for a subject to use
ditferent criterion in setting adjustment thresholds. If he uses
a fixed configurational criterion (as above) then Weber’'s Law is
observed. However, a4 more sensjtive criterion (e.g. ANY
discernable change in the mask pattern) vields power law masking.

Our study of spatial and temporal mechanisms has continued
after the completion of Steve Panish‘’s Phd. dissertation. The
findings of this dissertation include 1. flicker and pattern
threshold functions were studied using both counterphase and
moving gratings. The form of these functions is different with
the two types of gratings, which we tentatively attribute to
involuntary eye movements. We find that differences between
flicker and pattern thresholds are very much smaller than has
been reported in the past. 2. The time course and recovery of
spatial adaptation were measured under conditions designed to
isolate the sustained and transient systems. No characteristic
time-course could be found for either system. 3. The effect of
spatio~-temporal adaptation on the perception of pattern and
flicker was measured with a bias-correcting rating procedure
using near threshold counterphase tiicker gratings. False alarn
rates were much more important in the ratings of flicker than
pattern. wWhen false alarms were subtracted from the rating
scores, we found that the sensation of pattern predominated at
threshcld. We hypothesize that the reported findings of iower
thresholds for flicker than pattern may represent a problem with
criterion =hift.

Several experiments have been used to assess the velocity
tuning of spatial channels. In one ezperiment we measured the
magnitude of the spatial-frequency shift and variations in
apparent contrast 0of the test fisa]ld as a function cof zdapt and

test velocity. We obtained very clean data showing that the
magznitude of the spatial-frequency shift is not tuned for
velocity, but is generally enhanced by nonzero adaptation

velocities. The enchancement occurs jrrespective of direction of
motion of the adapt and test gratings. This resul* suggests that
velocity plays only a very simple role in a task that is purely
spatizs]. Unfortunataly the contrast-matching data (which we hope




will paralle] these results) are still to noisy for certainty.

In another substantial experiment on motion tuning, we
studied the magnitude of the motion after-effect as a function of
adapt and test motion. The results of this are complerx, and no
simple generalization describes them. It is quite cléar,
however, that the MAE is not at all a simple additive velocity,
as has sometimes been claimed. The hvpothesis which most closely
X accounts for our data is that the MAE is a velocity-shift
- phenomenon, analogous to the spatial frequency shift.
Superimposed upon this, . however, there appears to be increased
AE with increased adapt velocity. There is some indication
of wvelocity tuning as well, but other effects are probably
syperimposed wupon it. The motion system may be much more
complex than the spatial one.

In the past six months, we have set up the image processor
to study the phenomenon of Pizel Flicker. We replicated the
AL well-knewn demonstration by Genter and Weisstein (OSA meeting,
5 Sarasota, 1980), and found that it indeed produced a striking
3 improvement in image quality. The most impressive aspect of this
! dJemonstration is the fact that considerable image detail emerges
o from a noisy image, which initially shows Jittle or no detail.
*’ Unfortunately, we quickly determined that this is largely
&3 artifactual. Genter and Weisstein used an unrealistic alogrithm
ior adding noise to their image,; noise with s uniform
distribution was added to eaci pixel using modulo 256 arithmetic.
- (In a realistic situation, overflows would be clamped at 255.)
- It can be shown that the use o0f modulo-noise dearades the image
much more than clamped noise. Thus our demonstation that pixel
flicker improves detection at low spatial frequencies is still

valid. However the likelihood that pixel flicker is
. qualitatively more effective with two-dimensional images, as
T center and Weisstein claimed, now seems very small. We are

exploring this and other dynamic image modifications to see which

appesar qualitatively promising, though it will be some time
- before we are able to do quantitative measurements of
detectability.

In the following sections, we consider al]l of these projects
in detail.




bb. Weber‘s Law, Masking, and Birdsall‘’s Theoren

For some vears there has been a controversy in the field of
spatial frequency masking over whether masking obevs Weber's Law
or whetner it obeys a power law. That is, does the threshold for
the test grating rise proportionally to the contrast of the mask
grating, or does it rise proportional] to some power (less than 1)
of the mask contrast. Two years asgo (Smith and Swift, 1980), we
discussed -- and ultimately disproved -- three hypotheses about
Weber‘s Law which have been proposed in the literature. Now we
present our own hypothesis which we believe explains all of the
evidence currently available to us. We propose that the subject
in a masking experiment has different strategies available to him
for setting thresholds, and that these different strategies vield
qualitatively different behavior (i.e. Weber‘’s Law or power law).
Different experimental paradigms will favor one strategy over
another, accounting for the fact that some experimenters have
found one or another of the laws to hold, and that a few groups
(such as our own) have reported both.

The essence of one of our detection strategies is described
in a theorem proposed by Lasley and Cohn (1981), and originally
attributed to Birdsall. Although Lasley and Cohn applied
Birdsall‘s Theorem to an identification task, we find it equally
applicable to detection in the presence of spatial masking.
Birdsall‘s Theorem states that if the limiting constraint on the
detection of a visual signal is noise which is external to the
visual system, and if the observer uses an optima) strategy, than
any monotonic, nonlinear transformation which the visual systen
may impose wupon its input will have no detectable effect upon
threshold, and threshold will be proportional to the contrast of
the masking noise (i.e. Weber‘'s Law). This suggests to us that
those studies which find Weber‘s Law to hold may be operating
under conditions such that Birdsall’‘s theorem applies.
Conversely we suggest that those studies which f{fail to find
Weber‘s Law are operating under such conditions that Birdsall‘s

Theorem is inapplicable, and that the resulting nonlinear
behavior represents real ncenlinearity in the visual system. In
a sense, those experiments which find a power law are more

informative to students of visual phsysiology.

Figure 1 shows a conceptual model of the visual system, in
terms of which we will viaw our results. In this figure we see
the outputs of a variety of spatial channels of ditfer=ant
fraquency while viewing a pattern of random noise, which may or

may not have a test grating added to it. Also indicated are the
mean output of all the channels (Im an’: & measure () of the
variation of these outputs, and ?, the output of the channe!
most sensitive to the test grating. The question of whether
oar not a signal is detectable in this pattern of cthannel
responses reduces to the question of whether I is
sufficiently Jlarge that it is unlikely to have occurred by
chance in the random mask. This is a simple question of
statistics. Allowing the visual systam some knowledge of the




Fig. 1. A couceptuslization of our model of
the visual system. This shows the outputs
of 7 channels of varying center frequencies,

with the ocutputs varying around a mean value,

Issan. The channel most sensitive to the
test frequency has an output, relative to
Imesn, of A I. & 1is a measure of the
variance of the outputs of the channels.
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Fig. 3. The slope of the masking function
(e.g. £ig 2) versus mmber of trials practice.
Solid lines are for the case where the mask
was changed on every trial, dotted lines
are for when the mask was not changed
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Fig. 2. Test thresnoid versus mask comtrasc,
for 4 different noiso mesk patterns. Successive
trials with the same mask are plotted below
their predecessors. The decrease in threshold
is real; these data have not been displaced

for clarity.
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Fig. 4. Similar to Fig. 3, except
that 3-alternative forced choice’

psychophysics were used, with chan
masks. sine
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distribution of channel outputs, I is simply compared to
the width of this distribution (&) by means of a critical ratio
( I/ ). This is entirely analogous to the familiar T-test in

statistics. "] note that is proportional to the
intensity of the pattern (I so that the critical ratio is
proportional to Al/I erom which we see that Weber’'s Law
applies to masking Tn ?he presence of external noise. The
fact that nonlinear transformations within the visual system
have no effect follows from the observation that the
constraints on detection lie within the stimulus itself, and
are already effective before the stimulus even enters the
visual system. A monotonic nonlinearty in the visual

system may change the shape of the distribution of channel
outputs, but so long as the observer uses an optimal] strategy
(which means, in effect, that he has adequate knowledge of the
shape of this distribution) then the threshold dictated by the
critical ratio remains unchanged. Note that the condition that
the sybject use an optimal detection strategy implies that
under some conditions a period of learning may be necessary.
We have generally found this to be the case.

Let us now consider some data showing a subject learning to
distinguish the presence of a four cycle/degree test grating in
the presence of broad-band one dimensional visual noise. (Our
noise stimuli were broad-band white noise, with a logarithmic
amplitude density over the range of 2-8 <cycles/degree. In
practice, these were generated by adding together 8 sinsusoids
of equal amplitude and randomly chosen phase and with frequencies
spaced at equal logarithmic intervals across the of 2-8

cycles/degree. By changing the phases of the constituant
gratings, we could generate a variety of noise patterns with
identical power spectra -- apart from 2dge e2ffects -- but with

very different appearance.) The upper left hand line in Figure 2
shows the subject’s thresholds when first exposed to this
particular noise mask. It will be seen that the curve relating
threshold to mask contrast is linear and has a slope of 1.0; -
i.e. Weber‘s Law applies here. We now select two convenient
points along this curve, and repeatedly measure the subject’s
threshcld at these points. It will be seen that the threshold
dJecreases monotonically with experience (these curves have not
been displaced for clarity) but more important we find that the
slope ot the masking function decresases with practice to an
asymptote cf about 0.65. The second column of Figure 2 shows what
happens when the subject is presented with a new mask pattern.
Initially the slope of the masking function rises to 1, but
again, with practice, thre=hold decreases and the slope drops to
about .6S. The experiment is repeated in the remaining columns of

Figure 2. From the results 2f this experiment, we may conclude
that the very same masking stimulus may vield Weber’s Law or a
power law under different conditicns, in this experiment, the
ra2levant condition seems to be familiarity with the mask
stimulus.

It familiarity with the noi=e mask is indeed the relevant
condition, then it should be possible to prevent the sybject

Copy availabla to DTIC does hot 8
pemit fully legible reproduction




TN
» AR

e 2

i

N I
e Taea

,vv.g'r. L ali i niur il

.

Al i anallL el et e bt el

from developing a power law by changing the mask stimulus on each

and every trial. The results of such an experiment are shown in
Figure 3, which plots the slope as a function of trials, rather
than the raw data. Data from the previous experiment are also

included. Although both experiments start with a slope of 1, the
data for the continually changing noise pattern retain this slope
indefinitly while data for the same noise pattern used repeatedly
quickly fall to a slope of about .65.

The experiments presented thus far may be interpreted in the
following way. When a mask is first presented to a subject, it
iz unfamiljar and is treated as noise in the sense of Birdsall‘s
Theorem. With repeated exposure, however, the observer memorizes

the appearance of the noise mask, it cesases to be an unknown
pattern, and sc ceases to function as noise. This is in good
agreement with the subjective report of the subjects, who set
thresholds in a different way in the two situyations. 1f the

noise mask i35 unfamiliar the subject must actually look for the
presence of a periodicity at the frequency of tha test stimulus.
when the mask is familiar, however, the subject looks for small
Jeviations from an otherwise well-remembered pattern.

There is another way in which we can provide the subject
with sufficient information to distinguish test-plus-mask from
mask-along. In the previous experiments, we believe that the
well-rehearsed subject was comparing the two presented gratings
with a third grating with was the memorized image of the mask.
We can provide all of this information in a single trial by
switching from two-alternative to three-alternative forced
choice. In this paradigm, the subject is presented with two mask
gratingys and one mask-plus-test grating. his task is tv pick the
odd grating. If our hypothesis is correct, it is clear that even
with an unfamiliar mask the subject should be able to
discriminate in a power Jaw fashion. Figure 4 shows that this is
the case. Here the subj)a2ct is5 doing three-alternative forced
choice, with a different mask used on each and every trial.
Nonetheless, these data clearly display a power law, something
which never occurs with two-alternative forced <choice and
changing masks. These data are particularly significant bscauss
they were taken from an entirely najve and unpractice. subject.
Masking discriminations are among the most difficult in visual
psychophysics, and to the best of our kncwledage, these are the
first data reported on subj)ects who have not had extensive
practice.

The data thus far presented are all quite consistant with

the hypothesis that Birdsall’s Theorem applies to spatial
frequency macsking when the mask is an unfamiliar visual noise
pattern. However the maj)ority of spatial trequency mazking

experiments are done not with a noise maszk but with an harmon-
ically pure mask. we offer two suggestions to extend our ideas to
the case of the harmonically pure mask. 1) Although a sinusoidal
mask is mathematically more predictable than a nciss2 mask, it may
nonethelesz require some practice fcr the subject to learn the
appearance of the sinuscidal mask. Thus a zinuscidel maszk mayvy be
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treated as noise by the visual] system until its appearance has
become familiar. We syspect that the visuyal system’s natural
response to any new masking situation is to make the conservatjve
assuymption that some noise (i.e. unpredictability) is present in
the mask. Only with practice and pressure to detect with maximal
sensitivity will the visua] system switch to the more sensitive
power law mode of detection. Although we believe this idea to be
- true, we must acknowledge that it is a conjecture, and that it is
not easily tested. 2) A second reason why we may observe
Weber‘s Law with sinusoidal masks is because we find that
sinusoidal] masks may obey what we term the Extended Birdsall-’s
Thecrem. Under appropriate conditions, we find that subjects can
use a threshold criterion which amounts to comparing the
intensity of the test stimulus with some spatial aspect of the
mask stimulus which is proportional to mask contrast. In the
strict version of Birdsall’s Theorem, this Jlatter was ,the
measure of channel]l] output variability and the comparison was done
by the critical ratio 1/ , which is proportional to 1/1 or
Weber s Law. In practice, however, many other geomgfggcal
properties of the mask which vary with I would vield the same
gltimate ratio. An example of two such criteria can be s#2en in
Figure 5. In the top part of Figure 5 we see sinusoidal mask
and test stimuli which have been added to produce a familiar
interference pattern. It is readily shown that in the
region of destruyctive interference the width of the grating
bars become significantly less than in the region of
constructive interference. If the subject adopts as a
criterion, lJet us say, & 15% change in bar width, then this is
easily shown to obey Weber‘s Law with a Weber fraction of about
0.3. This is a plausible criterion; sybjects have actually
reported to us the they uyse such a strategy. A second
possible criterion is shown in the lower half of Figure 5. In
this criterion the subject will set his threshold at the point
where the faint dark bar located in the center of the area of
destructive interference )just disappears. Such a criterion
vields a Weber fraction of 1.25. Can a subject actually use
such criteria in practice? The results of such an experiment are
shewn in Figure 6. Here the subject sets his threshold by method
of adjustment with a 4 cycle/degree test 3een against a 5
cvcle/degree mask. In the upper-most curve the subject attempted
to use the disappearing-dark-bar criterion. These data obey
Webar's Law, and the Weber fraction is approximately as
predicted. In the intermediate curve, the subject attampted to
use a bar-width criterion. Again it will be cseen that VWeber-s
Law is obeved, and in this case the Weber fraction is about what
is seen in other experiments. Finally, in the lcwer mest curve,
the subj)ect set his threshold as sansitively as possible, by
whatever means he could These thresholds are still lcwer. and
they obey a8 power law. Thus we sees that aven with harmonically
pure mask * stimuli and methed of adjustment psychcphysics,
thers are different criteria which a sub)ect may use in setting
thresholds, and that thase criteria may produce 2ither Weter-‘s
Law or power law behavior.

el
"I .
PR S

N
T

u‘

MERY L
P PR

'A. ".

'

Lt

r
k-
S

!
"
b

¥
v

s
»
]

o

“We mav draw the fcllcwing conclusicrs frcm this recsezrch

10

< e I ’ - - S Lo I - [

A A L B T O T T T Y, Ty YL N Sy L S L. S . b




B I e A I A I it e O C I R i

Fig. 5. An explanation of the two
adjustment criteria used by the sub-
ject in Fig. 6. (See Text.)
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Fig. 6. Masking data (Mask = 5 C/deg,

test = 4 C/deg) using the 2 criteria
described in Fig 5, as well as an "absolute"
criterion. (See text.)
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1) Birdsall’s Theorem appears to be applicable to the detection
of a test stimulus in the presence of visual maszking noise.
Howevear, what constitutes noise in this regard must be defined

sub)ectively,; the same random patt=rn may function as nciss (in
the sanse of Birdsall’s Thecrem: when it is unfamiliar, but cease
to function as noise when it has bsc-me predictable. Moreover,

there is a suggestion that even manifestly predictible masks
(such as sine waves) may function as noise when they are first
seen. A corrollary of thics conclusion is that those masking
s5tudies which vield Weber‘s Law behavior are less interesting to
a student of the visual system then experiments vielding power
law behavior. Birdsall‘’s Theorem shows that the 1limiting
constraints on Weber‘s Law behavior are probably external to the
visual system, while the constraints on power law behavior are
presently unknown but are presumed to be internal.

2 Even with harmonically pure masks, there are detection
criteria available to the subject which obey either of the two
laws . Although it is probably impossible to prove which
criterion subjects use in a particular experiment, the existance
of such criteria provides a plausible explanation for the
appearance of Weber’ Law in experiments where noise masking seems
inapplicable.

3) At a more general level, it is interesting to note the type
of model which we find necessary to account {for the results of
masking experiments. Spatial frequency detection models in the
past have typically utilized simple criteria for detection
(excitation in a given channel exceeds some threshold, for
example). It is apparent that such simple models are althogether
inadaquate to deal with masking phenomena. We have had to
postulate processes which approach the realm of cognitive
psvychology.

4) At a more practical level, it seems possible toc use visuyal
masking as a tachnique {for probing the operation of the visual
system, particularly its nonlnearties. However, if we are to

obtain information about the visual system f(and not about
evternal statistical constraints) then the subject must be pushed
to detect as sensitively as possible, so the Weber’'s Law does not
apply. Appropriate ways to do this include the use of forced
choice phyvsics, with feedback and lots of practice, and
evpecially the use of three-alternative forced chcice which we
find to be advantageous with naive subjects.
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dissociation in the processing of spatial change (form) and
temporal change (motion and flicker). Procposals for such a
dissociation originated in the neurophysiological literature,
where retinal ganglion cells were classified in accordance with
their spatial summation properties (Enroth-Cugell & Robson, 1966)
and response characteristics (Cleland, Dubin and Levick, 1971) .
Shortly thereafter, two-mechanism hypotheses were used in the
psychophysical literature to explain various phenomena including
different contrast thresholds for the detection of pattern and
flicker (Keesev, 1972, Kulikowski & Tolhurst, 1973) . More
recently, two mechanism hypotheses have been used to account for
differences in response to stimuli widely separated in spatial
and/or temporal frequency. Much of this work has been reviewed
by Legge (1978).

separated stimuli do nct require ssparate spatial and temporal
mechanisms for an explanation. Such data could result from a
continuum of channels having continuously varying spatial and
temporal tunings and nc functional segregation related to the
perception of spatial and temporal change. This criticism does
not apply to two-threshold psychophysical procedures, where
testing occurs over a common range of stimulus parameters.

recognition” thresholds for 0.8 and 12 c/d sinusoidal gratings
flickering sinusoidally at temporal frequencies from 0 to 1S5 Hz.
The sensitivity profiles produced by the two thresholds were
highly distinctive. Pattern thresholds were Jlow-pass, while
flicker thresholds were bandpass. The thresholds were typically
separated by a factor of 2 or 3. Harris (1981), using the same
procedure with drifting gratings, found a constant ratio between
pattern and motion thresholds of gratings drifting at the same
velocity. This ratio was precisely proportional to drift
velocity. Since wvelocity may be expressed as ratio of the
temporal and spatial frequencies, he proposed velocity to be
coded by the ratic of activation of separate temporal-frequancy
and spatial-frequency sensitive mechanisms. Similar results
were obtained using counterphase-flickered gratings for velocity-
equivalent conditions.

c¢. Sustained and Transient Processing

Results from several areas of research suggest a

Experiments finding differences between such widely

Kulikowski and Tolhurst (1973) used the method-of-adjustment
measure “*flicker detection® thresholds and “pattern

Other recent experiments have c¢btained results which

conflict with those from the two-threshcld procedures. The
central is=sue concerns whether the two criteria actually tap
separate spatial and temporal mechanisms or merely reflect
different signal strenths within a single perceptual mechanism.

Derrington and Henning (1981) and Virsu, Rovamo ., Laurinen and
Nasanen (13982) used forced-choice procedures to compare the
contrast thrashold for detecting a countarphase flickering

grating with threshclds for discriminating the orientation of the
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grating. The two functions co-varied over spatial and temporal
trsquency. Because orientation discrimination is <clearly a
spatial task, two mechanism models predict that it should
require more contrast at low spatial-frequency, where the spatial
mechanism is proposed to be least sensitive. Burbeck (1981) used
a4 <¢riterion-free procedure to measure pattern and flicker
thresholds in counterphase-flickered gratings. Her results
differed substantially {from those of the method-of-adjustment
procedures, showing that the contrast threshold surface is
essentially the same as the pattern-threshold surface alone.
Panish (198Z2) used a multiple-alternative forced-choice procedure
to examine the appearance of near-threshold flickering gratings
following adaptation. Conditions designed to tap a temporal
mechanism showed that a predominence of flicker ratings could be
accounted for by an elevated flicker false-alarm rate. In each of
the above cases, the use of a less bias-prone technique has
significantly reduced those experimental differences which are
cited as evidences for a8 two-mechanism visual system.

There has been a tendency for experimenters to doscribe the
two threshold procedures as different tasks, such as flicker
‘detection’ and pattern ‘recognition.’ It may be that these task
dJifferences are merely subtle criterion changes. In view of the
differsnces betwesn results from critericn-treesbias-correcting
procedures and from method-of-adjustment expariments, it seemed
prudent to perform a method-of-adjustment experiment using
more carefully described criteria. In addition, a full
two-criterion spatio-temporal contrast sensitivity surface has
vet to be published and studied in detail. In fact, despite the
commen assumption that motion and counterphase flicker are
largely equivalent, we decided to measure two such surfaces, one
for moving and one for flickering gratings.

Experiment 1

The first experiment was designed to study the form and
flicker threshold functions over a wide range of stimulus values.
Ccunterphase flickered gratings were chosen to minimize
involuntary eye-tracking and afterimages.

Thresholds are plotted in Figure 1. Several striking
differences are immediately apparent between these dJdata and those
of Kulikowski z2nd Tolhurst (1973) Perhaps the most important is

that the zhapes 5f the tamporal response functions are gJensrally
very similar for the pattern and flicker thresholds, even at very
high spatial frequencies. At 8 c¢c/d and 4 c/d both functions are
low-pass. At 1 and .S ¢/d the curves show mcre bandpass
character. The curves covary consistently for subject 5P, while
at .S ¢/d the threshcld functicns are distinctly ditferent for
subject PC. It is also notable that our data show less than a
factor of twe separation of the form and flicker curves.

Crossover points bestween the two functions migratad to
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higher temporal frequency as spatial frequency increased. The
ratios of the two thresholds were nct constant for velocity-
equivalent conditions, nor did they increase 1linearly or even
monotonically with temporal frequency. Although these data show
reliably separable spatial and flicker thresholds, the generally
smal]l separation and similar form resemble criterion shifts
rather than separate mechanisms. Ratios of temporal and spatial
frequency do not appear to offer a basis for the coding of
velocity.

Experiment 2

The stimulus and type of temporal modulation used in the
two-threshold Jiterature have varied. Keesey (1972) used a
counter phase flickering line, Kulikowski & Tolhurst (1973)
sinusoidally flickering gratings, and Heeley (1981) drifting and

counter phase flickering gratings. In order to test the
possibility that the type of temporal modulation could affect the
threshold functions, the experiment was repsated using moving,
rather than counterphase, gratingse.

Notable differences exist between the temporal response
functions for moving gratings and those generated by counterphase
flickering gratings. Results are plotted in Figures 5-8. These
data more closely resemble those obtained by Kulikowski and
Tolhurst (1973) than do the counterphase data.

This resemblence is due to the relative invariance of the
forms o€ the temporal response functions across spatial
frequency. Flicker thresholds show a clear bandpass function
over temporal frequency. The pattern threshold functicns are
predominantly low pass with some bandpass character, particularly
at low spatial frequency. Crossover points of the two functions
rise with spatial frequency. Ratios of the temporal to spatial
thresholds varied monotonically with spatial frequency and
inversely with temporal frequency. The slopes of the ratios
across velocity range betwesn .31 and 47.

It is clear that subjects can consistently 3set separate
threzholds for the perception of temporal and spatial variaticn,
and that there ie a general correspondence between dat:z from
Jifferant subjects. However, the divergence in the data frcem the
two temporal conditions presents sevsral problems: 1) can
e1ther condition be ragarded as more {fundamental, explaining the

. cther, 2) why dc these results differ from those of earlier
experiments, 3 can thess results support a twc mechanism model
of spatial] and temporal] visicn?

No obvious transform relzt=ss the results obtazined from the
drifting and countarphaze conditions. They may reprasant
diffarant visual pProceszses. However, we speculate that the
differsnces betwean the two data =2tz resyit frem two facters:
tha uze 2t diffarent visus)l strategiez for optimizing the desired
percapts, and the dJifficulty of avoiding tracking with Jdrifting
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gratings. Kelly (1982) has demonstrated that thresholds for
unstabilized counterphased gratings closely approximate results
obtained with stabilization. Experiments which use drifting
gratings are more prone to artifacts resulting from involuntary
eye-movements (tracking). Since tracking effects the temporal
parameters of the retinal image, it is an important factor in the
measursment of thresholds, particularly at high spatial
frequencies. (Arend, 197e6) . The net effect of tracking is to
reduce the 2ffective temporal frequency of the stimulus. This
would result in less high temporal frequency fall off when wusing
drifting gratings, particularly at high spatial frequencies.
This may be observed clearly in the pattern threshold functions
less so in the motion threshold functions. This difference may
result from use of different patterns of eve-movement in the two
tasks, such that adopting a pattern criterion results in more
tracking than does a motion criterion. 1f such eve-movements
cause the differences observed between the counterphase and drift
conditions, the differences should be abolished by retinal
stabilization of the stimuli. We will be performing such
experiments in the near future.

The results from the counterphase condition in this study
differed substantially from those of Kulikowski and Tolhurst
(1973) and Harris (1981). However, our data are very similar to
those from the two method-of-adjustment conditions of Burbeck
(1281) . The reason for these differences is unclear. However,
the two-mechanism hypothesis was supported by the independence of
the pattern and ilicker threshold. Pattern and flicker
thresholds obtained in the present study covary conziderably,
although they are clearly separable. This separability could
result solely from criterion shifts, without involvement of
separate mechanism. These data together with the results of
Derrington and Henning (1°81), Burbeck (1981) and Panish (1982)
suggest the need for a careful reconsideration of the evidence
for separate pattern and flicker mechanisms.
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id Channel]l Tuning tor Motion

Cur mwmaj)sr s=tudv on motion tuned :channels wss a =zygbstantja]
parametric study of the motion attereffect. In this study we
considered the eoffect of adapting to a moving sinusoidal grating
upcn the perceived of velocity of a second moving grating.
There are at leazt four significant parameters in this study:
these being the velocity and spatial! frequency of the mask and
test gratings. we studied the two velocities in depth,. using
the same =patial frequency for both gratings, as well as
taking some partial] daia at other spatial tregquencies. Velocity
matching is a tedious psychophysical task, and thesse studies
involved saveral hundred hours of subject time. The results ars
extremely complicated, and cannot as vyet ©be said to have
simplified our understanding of the motion system. One resuylt is
absolutely clear: the MAE is in no sens» a simple velccity which
iz algebratically added to the test velocity. The MAE is
strongly eitected by the relative difference in adapt and test
velocities Our data suggest a sort of velocity shift effa:

ianalsacus t> the spatial-frequency shift) in which the deviaticn
of the test velocity can be in either direction, dspending upcn

rajative velocities of adapt and test. Super-imposed upon this.
hewevar, are other effects which we have not vet ~haractarized,
making the whole picture extremely complex. As we ware about

to prepare 3 more detajiled write up of this experiment, we
found a paper by Thompson (1762) which performs a2ssentially
similar sxperiments. The major difference in our resylts is
that Thompson failed to find any indication that the meotion
after eftect could change perceived velocity in both diractions

In every c¢ase his motion after effect was in the direction

opposite to the adapt motion, 48 hsz been traditicnally
raported. We are now attempting to replicate our
findings with more subj)ects (including naive ones) .

ee. Image Enhancement

We have studied the visual system's inherantly pCOr
sensitivity to low frequency targets, and some potential wavs to
circumvent this. There is ajreedvy a standard techniaque ¢tor
anhancing the visibility of low spatial fresquencies: that is the
mapping of Jrey scezl=s values onto a full spactrum of psauds-
solars. This technigque is undeniably 3uccessful. thouah some
training is raquired to intesrpret the ra2asylting imejes A mcra
zerious difficulty with this ta2chnique is that it -an tnlvy Dbe
used with monochrome images, which are then prssented in tull
calor. It cannot be used with natural zolor images, nzr with
monochrome imajes presented in monochrome. It is our hcpe ts
develop anhancement techniques which avsid these =shortczminas

The basis for much 5f our work is shcwn in figure 7. This is 3
prcture of the two dimensicnal spatio-tamporal cecntrast
sensjitivity surtace. which was taken from a p2per by Kellvw
11978 . It will Dbe szs2n that wnen both spatial ind tempiral
fraquency zre Jlow. then senzitivity is aslss vervy |ow Howavar

ayen 11 zpatial frequency i3 hel1 Jow datectabiliry <an ke maae
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to incresase esnormously by raising the temporal freasquency. Thus
it should beée possible to enhance the visibility of a low
trequency image by adding to it scme temporal variability.

A demonstration of this effect is shown in the first part ct
the accompanying video tape. Here we see the faint image of a
human face, which is almost entirely lest in white noise. We now
use the very simple technique Of rapidly reversing the contrast
of this image, providing some counter-phase temporal modulation,
and vou will observe that the images appears much more detectable.
This is a strong effect, it has besen studied by a number of
investigators and a sensitivity improvement o5f as much as a log
unit may occur with very low spatial frequencies.

e may conceptually divide image #nhancement schemes into
two <classes, the linear enhancers and the non-linear enhancers.
Linear enhancers are based directly upon the shape of the two
dimensional contrast sensitivity surface shown in figure 7. and
upon the assumption that contrast detection is a resasonasbly
linear process. The existence of non-linear enhancers has not
vet been demonstrated, but the hope is that procedures =a2xist
which will produce a supra-ordinate enhancement effact. That is,
one which is either greater than that predicted by figure 7 or an
enhancement effect which is qualitatively superior (an example
might be an enhancer which works better with natural stimuli than
with sine waves . )

Another example of a linear enhancer is shown in the next
demonstration. Temporal wvariation can be added to an image
either by flickering the image, as in the previous demconstration.
or by making the image move. This demonstration shows a gaussian
bar which is subthreshold when held stationary, but which is very
easily seen when moved across the screen. Some data on this
effect are shown in figure 10. Unlike the demonstration, in
which the display was noise-free, the data in figure 10 are for
an image which is noise limited. It iz clear that this
enhancement tachnique works well in the presence of noisa.

It is appropriate here to sav a few words about the twe
tvypes of noise which are used in figure 10, these are static and
dvnamic noise Static noise does not change with time, and is
simply & part of the image. Such noise is typical of asrial
photographs and other one-time images. Dvynamic noise cheanges
randsemly from frame to frame. This type of noise is typizal ot
reasl-time displays.

We have studied two different types of potential nen-linear
enhancers. The first is based on the well kncwn obssarvatisn that
the presence ot a subthreshold signal may enhance the detecticn
of a4 second test signal superimposed upon the first. This has
been studied in some detail with sinuscidz! enhancers, uzing
sither other sinuszids or luminous lines as targets. wWith 3such
stimulil., target detectabiljty may be more than doubled. A
problsam with this technique js that the t=st stimulus may b2
anhanced or “"de-enhanced" Jepending upcn whether it talls sn A
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maximum or a minimum of the enhancing grating. We have tried to
deal with this by having the gratings drift slowly across the
display so that all portions of the display are enhanced at some

time. Some results are shown in figure 8 for a gaussian bar with
4 sinuscidal enhancer. For an appropriate enhancer contrast, it
is clear that significant enhancement occurs. Figure 9 shows the
effect of the relative s1zes of enhancer and target. Sinusoidal
enhancers are apparently most effective with targets whese
dimensions are comparable to the half wave-length of the
sinusoid.

A fina] type of non-linear enhancer which we have studied in
some detail is Pixel] Flicker (Gentasr and Weisstein 1980).
Althcugh Weisstein claimed that Pixel Flicker was a true supra-
ordinate 2nhancer, having a greater effect upon natural stimuli,
our initial studies were necessarily done with gaussian bar
targjets Although these are hardlvy natural stimuli, the results
are nonetheless encouraging.

Briectly, Pixal Flicker works as follows. Consider a two-
dimensi-nal raster image,. Jigitized on a grey scale ranging {rcnm
0 to 255, which is being displayed at 30 frames/second. During
the first frame, the image is displayed unmodified. During the
second frame, a constant (1, for example) is added to each
brightness value. Most of the pizels simply get brightar, but
these which had a brightness of 255 in the original image now
tacomes O «mzdulo 256 arithmetic), producing a4 paradcoxical
brightness reversal . In each successive irzme, the constant is
again addad to =ach brightness value, 5o the the ocriginal image
is restored atter 25¢ frames, with everv brightness value having
cvcla2d through the reversal and back to its original value. The
resyltant, time-varving image is -- to say the least -- bizarre,
but what is totally unerxpected is the sffect of this procedure in
the preasence of static noise. Genter and Weisstein added random
numbers, with a range of 0 to 200, to every pizel in their image,
making the original image essentially invisible. “hen the Pixel
Flicker technique is applijed, however, the .image Lecomes
dramatically visible.

We have systematically studied Pixel Flicker in cne
dimenzicn. The enhancement ability of Pixel] Flicker with noise-
freas imajes is theoretically infinite; as a resuylt we have
concentrated on the static and dynamic noise conditions. This 1is
a complicated study. and our present results can only be
considered indications. In figurs 11 wve =z3a the amount of
enhancement as a3 function 2f the size ot tha tarjet (which is a
Gaus=zi1an bar) It is clear that enhanceament incresases as the bar
be:~mees Jarger (lJower spatia. frequencies) and that Pixel Flicker
is more eftective with dJynamic, rather than static, noise.
Although the actual amount of enhancement varies considerably
with cznditions tthe lJargest affact we have =san is about 10x
enhancement), these two general] ccnclusions szeem to hold It
tecame clsar to us quite ea2rly in thesze syperiments that if sur
larger 1caussjian barz weras placed tooc close to the edge of the
Jigplavy. then they wers vary affactively masked by the dark
syrrounding area. This is exactly as predicted by spatial
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masking. We tested this more caretully by placing a dark bar (a
cardbcard mask) in the middle of the screen. The test bars
appeared on either side of this bar (we were using forzed-choice
psychernivysics, with the targets displayed randomly on the left

and right sides of the CRT). The results are shown in fiqure 1Z.
It is clear that Pirel Flicker is especially effective in
enhancing masked images. In figure 13 we plot the amount of

enhancement as a function of the Pixel Flicker rata2. This is the
rate at which the brightness of the display cycles once through
the reversal point; it is directly proportional to> the constant
which is added to the brightness after each frame. We see that
snhancement is maximum at a flicker rate of about 1-2 Hz.
Weisstein reports a similar finding.

About a month before the 1982 AFO3SR meeting, our image
prccessor became functionz! and we were able to pertorm s=ome
qualitative studies of Pixel Flicker with real images. Qur f[irst
demonstration is a nearly exact replication of the demonstration
presented by Genter and wWeisstein at the OSA meeting in 1v80.
There is one unusual] aspect of this demonstration and that is the
peculiir way in which noise was added to the image. Genter and
Weisstein started with an image having a brightness range ot 0-
255, and added to each pizxel uniformly distributed random numbers
with a range of 0-200. When the sum exceeded 255, the result was
taken modulo 256. Thus many of the brighter points in the
original image are mapped into dark points in the noisy image.
This modulo-noise is not found in fuynctioning visual displays;
normally the display gain would be adjusted to minimize the
number of points exceeding the dynamic range of the display, and
thcse points which did exceed would be clamped at the maximum
value. In fact, we shall see that modulo-noise degrades the
image far more than a comparable amount of ordinary noise, and
that the alleged supra-ordinate effect of Pixel Flicker does
nothing more than compensate for some of this loss

In the original demonstration 2f pirxel flicker, the ratio of
gsignal-to-nocise amplitudes was approximate 1:1. The next
iemcnstration shows the same image with a 1:1 signal-to-ncisse
ratio, but with the signal and noise amplitudes reduced so that
no pizel can exceed 255 Despites the =2qual nominal 3ignsl-to-
noise ratio, it is clear that the second demonstraticn is
enormously more visible than the {first. The2 negt demcnstraticn
shows the same im2ge using natural noise. with a signal-to-ncisa
ratis> of about 1:8. The visibility of this image =sa=ms
comparabla to that of the image with modulo-noise at a2 signal-tc-
neise ratio of 1:1 Wwhy is 1t that modulc-neoise is s2 much meore
effactive in degrading an image? Consider Weisstein-s originsal
modulo nojise image. A pirxe] with a brightness value 25t 0 1n th2
neise free image will hava a valJue uniformly distraibuted in the
range of 0-200 in the nsisy 1mags. Since the mean of the adisd
noise iz 100, then mean brightna2ses ¢t the noisy pixel] will alse¢
be 100 . In 3eneral, for noi1se-{rse pixels in the range 2f 0-55
their mean tranzt{-rmed btrightness valuesz will be 100-15¢
recspectively. However, if the noise-fres pirxel i 56 or greater,
then the possibility exists that the noise-added pixel will
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E excsed 2SS and the actual sum, modulo 256. will be close to 0.
- The addition of these small values actually causes the mean
i brightness of the noise-added pixel to decrease as the noise-free

value increases. The net result of all of this is szhown in
figure 14 which plots the brightness of 8 noise-free pixel
against its mean brightness after the addition of noise. It will

be seen trom the leftmost branch of this figure that those parts
of the image which have brightnesses in the range of 0-55 are
maped Jinearly intc the range o¢f 100-15§5. An image which
contains only thesse brightness values would be only slightly
degraded, it receives an additive background plus some additive
noise The situation is much worse for brightnesses in the range
of S6~-2SS5 Unlike the first branch of the curve, with a slop of
1, this branch o2f the curve has a slope of approximately minus
0 25. Thus contrast values in this range are not only reduced
four-fold, but are actually mads negative. A close 2rxaminaticn
of Weisstein's original demonstration coenfirms this: it is now
sssn that most of the image is indeed at reduced negqative
contrast .

How does the Pixel Flicker algorithm render this image mcre
visible? It is readily shown that as the Pixel Flicker procedure
cycles through the entire range of brightnesses, the entire curvs
in figure 10 translates Jaterally. Thus the smaller branch of
the curve which has unity contrast gain passes cyclically through
every range of brightness. Thus each region of brisghtness
experiences a fraction of a Pixel Flicker cycle in which it is
reproduced with minimal distortion. Close examination of the
Pizel Flicker demonstration shows that this agrees with
subjective impressjion:; details pop out of the noise for a brief
portion of each cvcle and the disappear The point can bte proven
by running Pizxe]l Flicker very slowly through its <cycle, and
stopping it at appropriate]y selected points. Fcer axample when
stopped about 2/3 of the way through a cycle, some oOf ths
brighter portions of the image (notably the face) become hiazhlvy

visible, although darker portions are lost. Tha fact the Pizel
Flicker works even when the algorithm is stopped demonstates that
this is not a temporal phenomenon at all, as originally claimed

by Genter and Weisstein.

In a fina)] demcnstration, we apply Pixel Flicker on an imaage
with natural noise rather than modulo noise. A3 not=2d atbove, it
is necessary to use a great deal mor2 naturz]l] no:se 1n criar to
sbscure the image to a8 comparable dsgree. when this is 1one the
resylts are frankly disappointing. The dramatic eftecsts of the
original Pixel Flicker demonstration are s=ntirely absant. In
fact it is not apparent that there is anvy enhancement whatzsoever.
certainly the demonstration is less effective than a2ny =f the
preceeding ones.

We may draw the following conclusions about Pixel Flicker zs
an enhancer. 1. gur studies with gaussian bars show Pixel
Flickar is useful in axtracting locw frequency images frcm noisza
It is unclear -rhether it i3 superior to other. simpler
techniques. s Contrary to the claims cf Genter and weizstain,
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there is no evidence that Pixel Flicker possesses supra-ordinate,
non-linear enhancing properties when uzed with natural stimuli.
The demonstrations which would seem to show such effects have
been 2zxplained in terms of the manner in which noise was added to
the stimuli. These effects disappear when more reajlistic noise is
used Finally, these effects are not dependent upon the temporal
properties of pixel flicker; they work equally well with a static
transformation.

and
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